Syrian hamsters become anemic and exhibit delayed growth following oral infection with third-stage Ancylostoma ceylanicum hookworm larvae. Here we describe experiments designed to determine the feasibility of adult worm transfer (AWT) between hosts, a technique that would facilitate the specific study of bloodfeeding hookworms in vivo without prior exposure of the host to larva-specific antigens, permit the ex vivo manipulation of adult parasites prior to reimplantation, and also allow for cross-species transfer of worms. Weanling hamsters given an oral AWT of 40 or 60 mixed-sex A. ceylanicum worms rapidly developed anemia; in the higher-dose group, hemoglobin levels declined from prechallenge levels by 44% within 4 days following AWT. Long-term survival of transferred worms was demonstrated by recovery of parasites from the intestines 42 days after AWT. AWT hamsters acquired humoral immune responses against soluble adult hookworm extracts and excretory-secretory products that were comparable in magnitude to those of animals given a typical infection with larvae. In AWT experiments employing the nonpermissive murine model, C57BL/6 mice given adult worms rapidly became anemic and lost weight in a manner similar to AWT hamsters. Infection of additional mouse strains demonstrated that while C57BL/10 and CD-1 mice also developed anemia following AWT, BALB/c mice were resistant. The technique of AWT to mice may further our understanding of hookworm pathogenesis by allowing the study of adult hookworm infections in a species with well-characterized genetics and an abundance of available reagents.
Hundreds of millions of persons worldwide suffer from disease caused by bloodfeeding hookworms (12, 13) , with children and pregnant women bearing a particularly heavy pathological burden (14, (34) (35) (36) (37) 40) . Effective anthelmintic agents for hookworm are available (1); however, reinfection typically occurs quickly following treatment (2, 28) , and drug resistance has been documented in human isolates (16, 33) . Accordingly, novel strategies to control hookworm disease, such as vaccines, may offer a welcome addition to currently available treatment and control options.
Over the past 30 years, the Syrian golden hamster (Mesocricetus auratus) has been utilized as a rodent model for studies of hookworm pathology, immunology, and vaccination. Unlike mice, which do not generally permit the development of adult Ancylostoma sp. hookworms upon larval infection (9, 30) , immunocompetent hamsters are fully permissive hosts for the human hookworm Ancylostoma ceylanicum (29, 31, 38) . Our group (5) and others (17, 25) have found that, when infected with A. ceylanicum larvae, hamsters exhibit the major clinical features observed in children, namely, anemia and delayed growth. It has been demonstrated that immunization with soluble extracts or secretory products from adult A. ceylanicum worms leads to reduced worm burdens (20) or reduced pathology (5) in hamsters following challenge infection, establishing the utility of this model for vaccine development.
In most studies to date, hamsters have been infected with A. ceylanicum third-stage larvae (L 3 ) via oral gavage. This approximates a naturally acquired infection in which the host is exposed sequentially to larval and adult worm proteins. Here we describe experiments employing the alternative technique of adult worm transfer (AWT), in which a previously naïve host is given an oral infection consisting of mature bloodfeeding parasites. Although AWT has been reported previously for hamsters (32) and Plasmodium berghei-infected mice (15) , until the present study the pathological and immunological aspects of such an infection have not been described for either species. The studies presented here were designed to confirm the feasibility of AWT and to establish the utility of the method for the evaluation of host responses to bloodfeeding adult parasites without the influence of prior larval exposure.
MATERIALS AND METHODS
Parasites and hosts. The A. ceylanicum life cycle was maintained as previously described (17) . Twenty-one-day-old male Syrian golden hamsters of the Lak: LVG(SYR)BR outbred strain (Charles River Laboratories) were infected by oral gavage with 200 A. ceylanicum L 3 so that they could serve as donors for adult worm transfer (AWT). Fourteen days after infection, the donor hamsters were euthanized and the bloodfeeding adult hookworms were recovered manually from the intestinal mucosa. Recovered parasites were rinsed and incubated at room temperature (RT) in Dulbecco's phosphate-buffered saline (PBS) with 5% normal hamster serum until transfer to recipient hamsters (transfer occurred on the same day as worm recovery). Naïve hamsters were then infected orally with recovered hookworms, receiving a mixed-sex infection of 0, 40, or 60 live adult parasites. For experiments involving AWT to mice, female C57BL/6, C57BL/10, BALB/c, and CD-1 mice (approximately 3 to 4 weeks of age) were infected orally with 20 adult worms recovered from donor hamsters as above. In each experiment, normalized postinfection weights were determined by calculating the percentage of the preinfection value for each animal. Animal research protocols employed in this study were approved by the Yale University Animal Care and Use Committee and complied with all relevant federal guidelines.
RESULTS

Adult hookworm transfer leads to anemia in hamsters.
Weanling hamsters were orally infected with 40 or 60 A. ceylanicum adults on day 0 and were compared to uninfected control hamsters for 42 days. As shown in Fig. 1 , blood hemoglobin levels in uninfected hamsters gradually increased from an initial mean of 14.6 Ϯ 0.6 g/dl, approaching 18 g/dl by day 14 and remaining between 18 and 20 g/dl throughout the observation period. In contrast, both groups of hamsters infected orally with adult A. ceylanicum showed a marked and rapid decline in hemoglobin levels that reached a nadir on day 4 postinfection. Hemoglobin levels in hamsters infected with 40 adult worms (AWT:40) decreased from an initial mean of 15.8 Ϯ 1.4 g/dl to 11.1 Ϯ 1.1 g/dl by day 4, representing a 30% decline. This value was also 30% lower than that of the uninfected group at this time point (P Ͻ 0.02). Likewise, hemoglobin levels in the 60-worm (AWT:60) group decreased from an initial mean of 17.7 Ϯ 1.0 g/dl to 10.0 Ϯ 0.8 g/dl on day 4, representing a 44% decline and a value 38% lower than that of the uninfected group (P Ͻ 0.008). Hemoglobin levels began to rise in both infected groups after day 4. Levels in the AWT:40 group returned to preinfection values by day 14, and while they remained somewhat lower than those for uninfected animals at all subsequent time points, this difference was not statistically significant. By contrast, despite a gradual increase after day 4, hemoglobin levels of the AWT:60 group remained significantly lower than those of uninfected controls at all subsequent time points. Moreover, levels in this group did not return to preinfection values before the end of the trial. Long-term survival of transferred worms was demonstrated by the recovery of viable eggs from the AWT:60 group on day 35. Furthermore, live parasites (approximately 20% of the inoculum) were recovered on day 42 from the intestines of a group of hamsters given 20 adult worms (data not shown).
Adult hookworm transfer leads to delayed weight gain in hamsters. As can be seen in Fig. 1 , uninfected control hamsters gained weight rapidly throughout the observation period, exceeding 200% of initial weight by day 7, 300% by day 21, and 400% by day 42. AWT hamsters also gained weight throughout the trial; however, as early as 1 day postinfection, a statistically significant growth delay could be observed. This effect was modest in the AWT:40 group and was not significant after day 1. However, in the AWT:60 group, the effect on growth was somewhat more pronounced and was statistically significant for the first week after AWT. The mean weight of the AWT:60 group remained consistently lower than that of the uninfected group for the remainder of the experiment, although the dif- AWT induces hookworm-specific humoral immune responses in hamsters. Figure 2 presents hookworm-specific humoral immune responses in AWT hamsters as measured by ELISA. Antibodies to hookworm ES products and to HEX were first detected in both groups of infected hamsters at day 14. Anti-ES responses increased after day 14, with titers for both AWT groups becoming equivalent to that for the positivecontrol serum (5) by day 28 and continuing to increase moderately until the end of the trial at day 42. Anti-HEX titers also increased in each AWT group throughout the trial (although somewhat more gradually than the anti-ES titers), becoming equivalent to that of the control serum by day 42. Titers of antibody mounted against ES by the AWT animals were consistently higher than those against HEX, a finding which is in agreement with the results for the positive-control serum. No significant differences in antibody titer were observed between the AWT:40 and AWT:60 groups for either antigen preparation. No hookworm-specific antibody titers were detectable in uninfected hamsters at any time point assayed.
In order to characterize the antigen recognition profile of sera from AWT animals, immunoblotting was conducted using pooled sera collected 42 days postinfection from the AWT:60 group. Serum samples from the uninfected (AWT:0) group served as an age-matched negative control, and samples from animals infected with L 3 served as a positive control for a standard laboratory infection (4). The positive-control serum was prepared 56 days postinfection; this time (i.e., 14 days later) was chosen to approximate the 42-day exposure of the AWT:60 group to adult parasites. As shown in Fig. 3 , the reaction pattern exhibited by the AWT:60 serum against the adult antigen fractions HEX and ES was quite similar to that of the positive-control serum, especially for antigens above 50 kDa. Conspicuously absent from the AWT:60 serum, however, was recognition of a band of approximately 12 kDa in HEX and ES products. This band was prominently recognized in ES products by the positive-control serum, which recognized it to a lesser extent in HEX. Also absent from AWT:60 serum was reactivity against a band of approximately 29 kDa in LEX which was recognized by the positive-control serum.
Adult hookworm transfer causes anemia and weight loss in mice. In order to examine the feasibility of adult worm transfer in a nonpermissive species, female C57BL/6 mice were orally infected with 20 hamster-derived A. ceylanicum worms. As shown in the left panel of Fig. 4 , following AWT the mice became acutely anemic, with hemoglobin levels declining from a prechallenge mean of 15.6 Ϯ 0.3 g/dl to 13.2 Ϯ 0.4 g/dl on day 1 and 10.4 Ϯ 0.3 g/dl on day 3, the latter representing a 34% decline at the nadir of disease and a value 31% lower than that of the uninfected group (P Ͻ 0.00004) at that time point. The presence of attached bloodfeeding worms in the intestine during the period of acute anemia was confirmed by the sacrifice of two representative AWT mice at day 2, yielding parasite burdens of 4 and 14 live adults. Hemoglobin levels in AWT mice began to rise after day 4 and became equivalent to those in uninfected controls by day 10. Hemoglobin levels remained at or above 15 g/dl in control mice at all time points assayed. The nonpermissiveness of C57BL/6 mice for a standard larval infection was confirmed by infection of an additional group of five animals with 200 L 3 ; anemia did not develop (data not shown), and no adult worms were recovered when the mice were sacrificed on day 21. The right panel of Fig. 4 shows that C57BL/6 mice exhibited significant weight loss, concurrent with acute anemia, after AWT. To illustrate, by day 1, normalized weights for these animals had declined to a mean of 92.6% of prechallenge values (P Ͻ 0.0007 for comparison with the uninfected control group). The weights of the AWT mice remained significantly reduced until day 3 and then began to increase rapidly, becoming statistically equivalent with those of uninfected controls by day 6. The sharp increase in weight was concomitant with the recovery of hemoglobin levels in these animals. Normalized weights of control mice remained at or above 99% of prechallenge values at all time points assayed.
To examine the possibility of strain differences in the susceptibility to anemia following AWT, an experiment was performed in which C57BL/6, C57BL/10, BALB/c, and outbred CD-1 mice were either infected with 20 A. ceylanicum worms or left uninfected (n ϭ 3 for each group). Figure 5 shows that, like C57BL/6 mice, C57BL/10 and CD-1 mice exhibited statistically significant reductions in hemoglobin levels relative to uninfected controls of the same strain within 3 days of AWT. Conversely, BALB/c mice appeared to be relatively resistant to anemia following AWT, showing only a slight, nonsignificant reduction in hemoglobin levels at day 3.
Restricted hookworm-specific humoral immune responses in mice infected with adult hookworms. Although humoral immune responses to HEX or ES products by C57BL/6 AWT mice examined 42 days after a single exposure to worms could not be detected by immunoblotting (data not shown), reactivity to a limited number of ES antigens could be observed 14 days after a second challenge. As shown in Fig. 6 , while singly exposed AWT mice failed to react with any HEX or ES proteins at a detectable level, antibodies from twice-exposed AWT mice recognized three bands of approximately 150, 16, and 14 kDa in ES products. Antibodies from twice-exposed AWT mice also reacted faintly with a 150-kDa band in HEX. This were probed with pooled sera collected on day 56 from AWT animals. Twice-infected (2ϫ) mice were infected on days 0 and 42 with 20 adult worms. Singly infected (1ϫ) mice were infected on day 42. Mouse sera were diluted 1:200, and the blot was exposed to film for 45 min; immune hamster serum was diluted 1:1,000, and the blot was exposed for 2 min. Molecular size markers, in kilodaltons, are indicated on the right.
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on November 10, 2017 by guest http://iai.asm.org/ reaction profile was considerably more restricted and required more-concentrated serum as well as a longer exposure time to visualize the bands than was needed for immune hamster serum (Fig. 6 ) or AWT hamster serum (Fig. 3) .
DISCUSSION
Hookworms continue to infect hundreds of millions of people (12, 13) and remain a leading cause of anemia and growth delay in children (14, (35) (36) (37) 40) . High rates of reinfection following chemotherapy in areas of endemicity (2, 28) and the worrisome potential for drug resistance (16, 33) suggest that additional strategies are needed to augment existing hookworm control methods. Consequently, much interest in the development of hookworm vaccines has been generated (19) . The apparent lack of naturally occurring protective immunity in humans (reviewed in reference 23), however, suggests that innovative approaches will be required for vaccine development. AWT may represent one such approach, as it allows the decoupling of host exposure to adult parasites from that to larvae, thus facilitating the study of pathological and immunological responses specific to the bloodfeeding stage. AWT may therefore serve as a unique model for identification of novel vaccine antigens and/or evaluation of candidate vaccines aimed at reducing pathology caused by putative adult worm "virulence factors" (4, 7, 8, 11, 26) . In addition, AWT will permit the ex vivo manipulation of adult parasites by immunological, genetic, or pharmacological means prior to reimplantation, make possible the study of single-sex infections, and, as described here, allow for cross-species transfer of worms. Such crossspecies AWT will extend the study of hookworm pathogenesis into traditionally nonpermissive models and may also allow the basis of permissiveness to be characterized.
Following AWT, hamsters rapidly exhibit a profound diminution in hemoglobin levels, which reach a nadir on day 4 in both dosage groups (Fig. 1) . This observation suggests that a substantial proportion of the transferred worms were able to quickly resume bloodfeeding in the recipient hamsters. The subsequent rapid improvement in the hemoglobin status of the AWT animals contrasts somewhat with previous findings for hamsters infected with 50 L 3 , whose hemoglobin levels remained stably depressed for approximately 2 weeks beyond day 21 postinfection (5). Possible explanations for this disparity may include early attrition of worms inadvertently damaged during the processes of recovery and transfer, or enhanced host-mediated expulsion of parasites in AWT hamsters. The latter possibility is particularly intriguing and warrants further study, as it may illuminate a role for larvae in modulating the host's response to adult hookworms. However, regardless of the cause of the improved hemoglobin status of AWT animals, long-term survival of clinically significant worm burdens in the AWT:60 group was indicated by the finding that hemoglobin levels remained depressed relative to those of uninfected controls for the remainder of the trial. Continued survival of a portion of the transferred parasites was also demonstrated by the isolation of viable eggs from AWT:60 hamsters at day 35 and by the recovery of live worms from another group of AWT animals at day 42. This is in agreement with the results of Ray and Shrivastava, who found viable eggs and live parasites on day 51 following AWT (32).
We report here that, concordant with anemia, AWT was associated with negative effects on weight gain in hamsters (Fig. 1) . These findings are in general agreement with data previously published by our group for larval infection (5), although in the present study the effects were more modest and transient. However, like the rapid rebound in hemoglobin levels observed in this study, this may be explained by enhanced worm attrition and/or expulsion in the AWT hamsters compared to that of adult parasites resulting from a typical larval infection. The variability observed in weight responses of the AWT:60 group also prevented an apparent long-term growth delay from achieving statistical significance. Further studies employing larger groups of animals and additional parasite dosage levels will be necessary to more thoroughly characterize effects on pathology in hamsters and to examine changes in parasite burden following AWT.
Analysis of hookworm-specific humoral immune responses by ELISA demonstrated that following AWT, hamsters acquired vigorous serum IgG responses to soluble HEX and ES products (Fig. 2) . Adult-worm-specific responses were induced to comparable levels and with similar kinetics to responses generated by a larval infection (5), indicating that the transferred worms retained considerable immunogenicity. Evaluation of AWT serum by immunoblotting (Fig. 3 ) demonstrated an adult antigen recognition profile that was generally similar to that of larva-infected hamsters, although AWT animals failed to respond to a 12-kDa protein present in ES products. This intriguing result is under further study to determine the identity of the antigen in question. AWT hamsters also did not react appreciably with the 29-kDa larval protein recognized by larva-infected controls. This result is not unexpected given the lack of exposure of AWT animals to larvae, although the dearth of reactivity to larval antigens in the controls is interesting given that larvae and adult A. ceylanicum worms share numerous antigens (27) . However, a possible explanation for this disparity may lie in the fact that the previous study employed sera from rabbits immunized with parasite extracts as opposed to the hamster infection serum utilized here. It would appear from the immunoblot data presented here that a relatively restricted profile of "naturally" immunogenic adult antigens exists and that few of these are present at detectable levels in larvae.
Having established AWT as a viable technique for the evaluation of pathological and immunological responses to adult hookworms in hamsters, we next sought to determine if AWT could be used to overcome the "permissiveness block" in mice. Like hamsters, C57BL/6 mice given an AWT quickly became anemic and exhibited negative effects on weight (Fig. 4) . The presence of bloodfeeding adult worms was confirmed by the recovery of live parasites from representative AWT mice on day 2. These findings demonstrate for the first time the establishment of adult hookworms in immunocompetent mice with ensuing pathology. The complete resolution of anemia and weight loss by day 10, however, suggests rapid attrition of the transferred worms. Rapid parasite attrition is further supported by the finding that hookworms could not be recovered from a representative AWT mouse sacrificed on day 14, despite the fact that this animal had exhibited profound anemia on day 3 (44% reduction in baseline hemoglobin levels [data not shown]). Further studies will be necessary to characterize the kinetics of adult hookworm attrition in mice; however, these preliminary results suggest that an additional barrier to permissiveness exists that prevents long-term survival of adult hookworms in the mouse. It has been suggested that the permissiveness of hosts for the various species of hookworms may be affected by the degree of specificity of parasite proteases for molecules that may serve as food sources, such as hemoglobin (39) . Other host physiological factors, such as hormones (as has been proposed for schistosomes [21, 22] ), may influence permissiveness in hookworm infections. Lamina propria mast cells, goblet cells, and eosinophils are induced in the intestinal mucosa by A. ceylanicum larvae (10); although their protective role has not been definitively established in the murine model, it is conceivable that these cell types may be involved in the expulsion of adult worms. Moreover, the existence of straindependent susceptibility to disease in mice following AWT (Fig. 5) provides compelling evidence for an immunological influence on the permissive state, as various mouse strains with varying degrees of susceptibility to other helminth infections are known to differ in their immune responses (reviewed in references 3, 18, and 24). Additional studies are planned to evaluate worm attrition in the various strains following AWT and to examine the role of certain host responses that vary by strain, such as cytokine response phenotype, in order to define the basis of resistance and susceptibility.
Examination of humoral immune responses by immunoblotting revealed that in contrast to AWT hamsters (Fig. 3) , AWT mice failed to produce appreciable hookworm-specific antibody responses following a single exposure to adult parasites (Fig. 6) . Moreover, the adult worm antigen recognition profile in mice was rather limited following a second AWT. Enhanced parasite attrition with subsequently reduced antigen exposure in mice relative to that in hamsters may provide some explanation for this finding. Alternatively, mice may be less immunologically competent to respond to adult hookworm antigens. Further studies will be necessary to characterize the immune responses in AWT mice.
Based on the data presented here, we believe that the AWT technique will allow for the study of acute disease caused by adult hookworms in the previously inaccessible murine model. The development and characterization of the murine AWT model will further our understanding of hookworm pathogenesis by allowing the study of adult hookworm infections in a species with well-characterized genetics and an abundance of available immunological reagents. Furthermore, comparison of AWT in various species will facilitate our understanding of the basis of permissiveness, which may in turn provide a novel approach for identification of parasite vulnerabilities.
